A new experimental apparatus, the Crude Oil Flammability Apparatus (COFA), has been developed to study in-situ burning of crude and pure oils spilled on water in a controlled laboratory environment with large water-to-oil ratios. The parameters and phenomena studied for an asphaltic crude oil (Grane) and two pure oils (n-Octane and dodecane) with different initial oil layer thicknesses include burning efficiency, burning rate, regression rate, flame height and boilover. Pyrex glass cylinders (157 and 260 mm ID) placed on top of a steel foot in a water basin (1m x 1m x 0.5m) enabled free circulation of the water, which, along with the large water-to-oil ratios (up to 10,000) ensured that the oil burning barely increased the temperature of the surrounding water environment, which created more realistic offshore conditions than seen in many other laboratory studies. The burning efficiency was found to be nearly 100% for n-Octane and of dodecane, whereas the crude oil burning efficiency ranged between 35% and 65%. The main reason for this variation proved to be the onset of an extremely violent boilover, which occurs for oils with relatively high boiling temperatures when the water sub layer is superheated. When the initial crude oil layer thickness exceeded 20 mm the oil became solid and no boilover occurred. The heat-loss to the water sub-layer also had an effect on the burning efficiency and the regression rate was found to reach a constant value after increasing continuously as the oil was heated. Similar results were found regarding the flame height which reached a steady flame height. The pure fuels, n-Octane and dodecane, produced a much higher steady flame height than the crude oil, however they did not reach boilover, though dodecane showed boilover tendencies. Theoretical predictions with existing correlations and input data specific for the current oils generally compared well with the experimental data for both the time to boilover and the regression rates. As such, the COFA is envisioned to produce high-fidelity results in the future and thereby contribute to the further development of in-situ burning as an alternative response technique for oil spills on water.
INTRODUCTION
Marine oil spills are of major concern, in particular due to the large environmental impacts that follow an oil spill. Oil is toxic to almost all organisms, and the toxic effects depend on the composition and concentration of the oil and the sensitivity of the species affected [1] . Thus, an efficient oil spill response is essential to reduce and minimize the impacts seen from an oil spill. The generally preferred oil spill response method is containment and recovery, as it is the only method that removes the contamination from the spill site. However, the Alternative Response Technologies (ART); in-situ burning and chemical dispersants are subject to increasing interest due to the methods' applicability and high efficiency in situations where containment and recovery could have limited use. Recently, both chemical dispersants and in-situ burning were used in the Macondo deep-water well incident (Deepwater Horizon explosion) in the Gulf of Mexico [2] .
In-situ burning is a method where the accidentally spilled oil is ignited and burned at the spill site, and a large amount of the oil is thereby converted into CO 2 , water, soot and other combustion products. Burning effectiveness higher than 90 % has been found under the right circumstances (fresh oil and thick oil slick) [3, 4] , but weathered oils can also be ignited with high removal effectiveness [5] . At the end of the burning, a residue remains on the sea surface that must be handled. Several studies have been conducted over the last 30 -40 years related to investigating different controlling parameters that influence the ignitability, efficiency, and flame spread of the process [6] [7] [8] [9] [10] [11] [12] [13] . Many of these studies (except those carried out on the large scale) depended on the experimental apparatus that was used to study the problem. This dependency was resolved in many studies with modeling and experimental analysis of the fuel-layer and water interface. This was necessary due to the disparity in some of the results of the large scale and bench scale testing. For example, Evans [14] reports that the enhancement of burning rate due to presence of water layer boilover below the oil can be more than a factor of two when comparing bench scale testing with large burns in open water [15, 16] . One reason for this discrepancy may be the insufficient water layer surrounding the fuel. Unlike in the ocean, where the large scale burns reported by Evans [14] were performed, the bench scale testing may have significant heat transfer due to heating up of the container holding the fuel as well as heat transfer due to recirculation of water in the set-up. For example, many fuel containers had diameters in the range of 15-50 cm, heights of only 6 cm, and were conducted in stainless steel pans with no surrounding water, and with oil layers ranging from 2 to 20 mm. Some pans were even larger (Koseki et al. [16] used 1m diameter). It can be argued that this condition is not comparable to an actual burn in open sea, mainly because the surrounding water is (a.) not sufficient in quantity or (b.) not surrounding the pan. This experimental difficulty was to some extent overcome by the development of models to represent the heat transfer mechanisms between the oil-water interface [12, 13, [17] [18] [19] . However, there are still significant uncertainties associated with the value of parameters obtained using bench scale tests and their interpretation/extrapolation to application of in-situ burning in the open seas.
With the above considerations in mind, the objective of the current study was to develop an experimental laboratory apparatus, which could represent realistic full scale conditions such that extracted flammability parameters can be transferred directly to the field. To achieve this, the Crude Oil Flammability Apparatus (COFA), was designed amongst others to have a larger body of water, to create an oil/water interface comparable to large scale. The COFA has been verified against experimental data from large scale field experiments [10] . The objective of this paper is to provide a description of the development of the COFA, and present preliminary results and their application.
EXPERIMENTAL DESIGN AND PROCEDURE
A conceptual drawing of the newly developed experimental apparatus, the Crude Oil Flammability Apparatus (COFA), is shown in Fig. 1 . The oil-on-water burning experiments were conducted with the oil contained by two different Pyrex Glass Cylinders (PGC) with a height of 340 mm and diameters of 157 mm and 260 mm, respectively. The PGC was placed in the middle of a stainless steel water bath of 1.0 x 1.0 x 0.50 m (L x W x H) that was placed under an exhaust system (see Fig.2 ). Two of the sides in the water bath were made of Plexiglas to allow for visual inspection of the oil layer regression rate and potential heavy residue formation and sinking. A stainless steel foot for the PGC was used to ensure free water flow underneath, which is important for minimizing the difference in the ullage height throughout the experiment. The bath was filled with water (390 liters of fresh water, 5-20°C) until it nearly reached the top of the PGC. A known amount of oil was carefully placed inside the PGC on the water surface. Three types of oil were investigated; Grane (crude oil), n-Octane and dodecane. The initial oil layer thicknesses were 2-80 mm, which resulted in water/oil ratios in the range of 500-10,000. Generally, the reproducibility of the experimental results was very good for the 2-3 experiments that were conducted for each data point, and the errors stayed within ±10% variation of the reported data. The exact oil slick thickness was calculated based on known values of the oils densities and the weight of oil applied. The oil was ignited with a small butane torch for 10 seconds, following the procedure of Brandvik et al. [20] . If the oil did not ignite, the procedure was repeated a total of up to three times. The oil was considered not ignitable if it did not ignite on the third trial. After flame extinction, the residues were collected by use of 3M absorption pads, which were then weighed on an accurate and precise scale. The burning efficiencies (in percent), η, were subsequently calculated as = 100 �1 − �, where is the mass residue of the oil after the burn and is the initial mass of the oil.
A temperature profile was determined by measuring the temperature at the oil surface level, as well as at the points 2, 3, 5, 10, 20, 30, 40 and 50 mm below the oil surface level, and 150, 400 and 1000 mm above the oil surface level, see Fig. 3 . Type K thermocouples were used and the temperatures were recorded every second by use of an Agilent data acquisition system connected to a PC. The exact height of all measurement points was carefully adjusted before each experiment to ensure that the surface reference points were positioned correctly.
In order to determine the flame height, all experiments were recorded with a video camera. Prior to the experiments, the video camera was positioned to have a horizontal angle to the point of objective in order to ensure an equal relation between number of pixels and a given distance. A ruler was placed on the PGC and a reference still frame was taken with the same resolution as the video recordings to obtain a reference between distance and pixels (pixels/cm). None of the experiments were extinguished manually, not even the ones where the crude oil caused violent boilover. Fig. 4 provides photographs of the burning experiments in the COFA, both for regular burning and boilover and for the post-extinction clean-up situation. Clearly, boilover, causes a more challenging post-extinction clean-up situation, as the oil is spread out over a significantly larger area. Still, given the large water surface compared to the size of the diameter of the oil spill, close to all the residue oil could be collected with the absorption pads. In addition, it is worth noting that boilover, due to its potential danger for the surroundings, should be included in the precautions set-up prior to an potential large scale experiment are being conducted. With time, the objective of the development of the COFA is to address different aspects related to in-situ burning. As shown in Fig. 5 , some of the controlling parameters and phenomena related to in-situ burning such as oil slick thickness, weathering (emulsification), boilover (vigorous burning), burning efficiency and different oil types can be systematically investigated using the COFA. It is also possible to change the diameter size of the PGC and to control the water temperature to imitate e.g. Arctic conditions. Furthermore, the open-bottomed cylinders can also be placed on a foot without a hole, so as to create a closed system for water sampling for environmental aspects. Fig. 5 . Overview of the parameters, aspects and phenomena that can be studied in the COFA.
EXPERIMENTAL RESULTS AND DISCUSSION
The COFA is designed to analyze and measure the burning rate, the time to start of boilover, the boilover intensity, the liquid temperature history, and the burning efficiency of an oil layer on water. In this section, the experimental results obtained are compared with both existing data and existing theoretical correlations.
Regression rate
The surface regression rate as a function of the initial fuel layer thickness for a pool diameter of 15.7 cm for different fuels (the single component n-Octane and dodecane and the multicomponent Grane crude) is shown in Fig. 6 . Data from prior studies found in the literature is also depicted. The experimental data denote average regression rate, which in our study denotes the average of period of time after ignition where the regression rate reaches a steady state. Some studies also define it as the pre-boilover regression rate [13, 21] . During combustion the upper edge of the fuel layer was held constant by adding water to the external reservoir. This ensured that the influence due to ullage effects could be negligible. In some experimental trials, when the fuel layer becomes very thin due to continuous burning, the regression rate increases significantly (and almost instantly) resulting in boilover [16, 21, 22] . This behavior was also observed in the current study and is further discussed in the next section. . Regression rates as a function of initial oil layer thickness. The results for Kittiway 63%, Arabian light 33%, Oural 4% is from [23] .
From Fig. 6 it can be seen that the regression rate increases with thickness and then reaches a constant value. As observed in Fig. 6 , the attainment of the constant value appears to be a function of the type of fuel. The constant regression rate is approached at a thickness of approximately 10 mm and 20 mm for nOctane and dodecane, respectively. This difference is mainly due to the difference in flash point (FP) of the two fuels. Dodecane (FP = 71ºC) requires more heat to sustain a steady combustion compared with nOctane, which has a FP of 15ºC. Garo et al. [12] have shown that this constant value increases with pool diameter. A similar trend was observed in the current experiments as shown in Fig. 7 for n-Octane. The [24] . The thermal diffusivity of water is larger than that of fuels (see Table 1 below), thus, as the fuel layer thickness decreases (due to consumption of the fuel as it burns) the water layer approaches closer to the fuel surface, which vaporizes usually at a temperature a few degrees lower than the boiling point of the fuel. As the fuel layer thickness decreases the water acts as a heat sink and the burning rate decreases. It is interesting to note that the same trends are observed for all fuels tested. However, the limiting burning rate is different for each fuel (with same diameter) mainly due to the difference in the B-number. A theoretical model only assuming conduction and neglecting losses due to convective motion of the liquid and water was developed by Wu et al. [13] from where the regression rate, r, is expressed as:
The model assumes an overall thermal diffusivity of the system (oil ( ) and water ( ) )). H v represents the latent heat of vaporization of the fuel, ρ F the fuel density, d is the diameter and y o is the initial fuel layer thickness. ∞, C p and ∞ represent the density, specific heat and ambient temperature of air, respectively. T f represents an approximate flame temperature, which is taken as 1100 K [13] , and reperesents the fraction of the total heat release that is fed back per unit area to the fuel. The solid lines in Fig. 6 show the regression rate obtained using Equation 1, using the properties in Table 1 . For all data points, was set equal to 2.9·10 -3 which was similar to the value used by Torero et al. [18] .
As shown in Fig. 6 , the model results for n-Octane follow the same trend as the experimental data for the smaller PGC diameter, and the quantitative prediction is generally better for the smaller fuel layer thicknesses. For large fuel layer thicknesses, the model and the experimental results differ in trend, especially for the larger PGC diameter. However, a steady regression rate is expected for thicker fuel layers. In the case of n-Octane, the model consistently underpredicts the experimental data, whereas for Grane the model underpredicts the experimental data for thickness of oil below 10 mm, but overpredicts the experimental data for thicknesses larger than 10 mm. In general, Eq. 1 can be used as an effective engineering tool if properties of the oil (thermal diffusivity, density surface temperature, heat of gasification) are known. However, these parameters are difficult to determine for the crude oil (Grane) due to its multicomponent nature. Also, the fraction of heat fed back to the fuel surface is a very important parameter, however it is also the most difficult parameter to determine and scale. Models that consider more parameters exists and are discussed by Hristov et al. [19] . However, these models generally do not solve the problem, as they show similar trends and further complications that necessitate additional research in developing effective experimental bench scale tests to extract realistic fuel/fire properties that are scalable. 
Boilover
An illustration of the phenomena of rapid ejection of the fuel, which is usually called thin-layer boilover or vigorous burning in the in-situ burning literature, is shown in Figs. 4 and 5. The time to onset of boilover is an important consideration during the in-situ burning of crude oil as the process has been found to increase the removal rate significantly [25] . Table 2 shows the minimum thickness values for ignition and boilover for the different fuels tested in the COFA. [10] .
In order to reach the boilover state, it is essential that the fuel has a boiling point considerably higher than that of the underlying water, i.e. considerably higher than 100ºC. Due to the relatively low boiling points for n-Octane and dodecane, boilover is assumed to be of little or no significance for these pure oils. These assumptions were confirmed in the experiments, where there were no boilover for n-Octane and boilover was only observed in very limited form for some of the experiments with dodecane. The results for dodecane (boiling point of approximately 225ºC) indicate that this boiling point is located at the borderline between occurrence and no occurrence of boilover.
Boilover, however, was clearly observed for Grane crude oil, as shown in Fig. 8 , for the thicknesses less than 15-20 mm. Fig. 8 also shows the temperature history at the surface and down to 10 mm below the surface of the burning oil for 10 and 20 mm initial oil layer thicknesses. The location of the thermocouples were fixed throughout each experiment, thus the exact measuring points are individual for each oil due to the differences in density. For the 10 mm initial oil (Grane) slick thickness experiment (depicted by the darker colored curves in Fig. 8 ), the thermocouple located at 10 mm below the fuel surface are expected to represent the temperature of the water layer below the oil a few minutes after ignition. It is observed that the temperature of this water layer increases to about 100-120ºC after about 600 s of burning. At this stage the temperature of the water sublayer is high enough to cause the formation of tiny water-vapor bubbles which are violently ejected out along with the fuel. Fig. 8 also illustrates that Grane with initial oil layer thicknesses above 15-20 mm does not boilover. The temperature 10 mm below the liquid fuel surface does not go beyond ~ 80ºC as shown in Fig. 8 by the gray dashed curve. This behavior is attributed to possible be a result of the creation of an almost impenetrable solid layer, which blocks the heat transfer that is necessary to superheat the underlying water to each necessary temperature of about 110-120°C. This behavior merits further studies.
The time to boilover can also be predicted using a one dimensional heat transfer model developed by Wu et al. [13] and given by:
In Eq. 2, o y is the initial fuel layer thickness and F α is the thermal diffusivity of the fuel. Using an average regression rate, r, of 0.55 ·10 -2 mm/s for Grane (see Fig. 6 ) and substituting values of thermal diffusivity from Table 1 , the time to boilover for a 10 mm initial thickness equals 800 s which compares reasonably well with the experimentally observed value of 730 s. Figure 9 illustrates the burning efficiency as a function of the oil layer thickness for the different oil types. Owing to its high volatility (low flash point of 15ºC) n-Octane has the highest burning efficiency of 99-100%. A test with an n-Octane layer thickness of 0.5 mm was performed and the result was identical, concluding that n-Octane is an efficient fuel with excellent burning properties even on top of water. Dodecane has a flashpoint far above room temperature, as shown in Table 1 . Therefore, burning efficiencies less than 100% are reasonable, as the water underneath the oil will work as a cooling agent. Thin layers of Dodecane (less than 2-3 mm) were found to be non-ignitable, presumably for this reason. The burning efficiency was constant for initial oil layer thicknesses of 3-10 mm . However, the burning efficiency was slightly higher with an initial oil layer thickness above 10 mm, as this caused the oil to reach a temperature that allowed for a larger part of the oil to be burned before being cooled down to the point of extinction by the water underneath.
Burning efficiency
The significant increase in the Grane crude oil burning efficiency as a function of initial oil layer thicknesses is also related to the violent boilover that occurs for initial oil layer thicknesses below 15-20 mm. As discussed earlier, boilover does not occur, or occur in very little form, for an initial layer above 20 mm. Due to the lack of boilover, the burning efficiency seems to be constant for an initial oil layer thickness of 20-80 mm (the result for 80 mm are not included in Fig. 8 ). Due to the cooling from the water underneath, the point of extinction occurs at a certain slick thickness, which is almost independent of the initial slick thickness. Thus, it is expected that the burning efficiency increases as the initial oil slick thickness increases. Grane consists of both short and long chained hydrocarbons, where the short hydrocarbons tend to burn first leaving the remaining oil with different properties, such as an increased flashpoint, density and viscosity. The higher flashpoint results in the relatively poor burning efficiency, as compared to that of the pure fuels. The change in properties for oil slicks thicknesses from around 15-20 mm, has in particular influence on the heat transfer trough the oil. By slowing the heat transfer at the interface between oil and water, it excludes the option of superheating the underlying water to the point of boilover occurrence. Furthermore, the water-bath underneath the oil acts as a cooling agent and is expected to influence the burning efficiency for particular the thinner oil slicks. Buist et al. [25] showed that the residue thickness is approximately constant (1 mm) for quiescent burns with initial oil slick thicknesses up to 40 mm. This is in agreement with our findings.
Ignitability was only an issue for the initially very thin layers less than 2-3 mm and not an issue for nOctane. This is again related to the flashpoints of the fuels and the water functioning as a cooling agent, and our results are again in accordance with those of Buist et al. [25] .
Flame height
The height of the flame was determined from the amount of pixels in the individual frames from the video recordings. Regarding the post processing of the video file in relation to measuring the flame height a program was developed to convert each frame of the video to binary code and to create subsections of 10 seconds. The requirement for the maximum height of the flame in each of these subsections was that the flame had to be present at least 60 % of the time. This requirement was set to prevent the intermittent flame locations to be counted for as the flame height, and thereby reduce the sources of error in the estimate. Figure 10 illustrates the respective flame heights of Grane, dodecane and n-Octane for a layer thickness of 10 mm and a pool diameter of 157 mm. The flame height of the oils seem to increase at the same pace immediately after ignition, however the n-Octane and dodecane are both relatively volatile, producing significant flammable vapors which results in a much higher flame heights than that of Grane oil. Dodecane had about 10-15% lower flame heights than n-Octane and Grane reaches approximately just half the flame height of n-Octane. The Grane experiment however, seems to produce more steady and less fluctuating flames.
For n-Octane it is observed that the flame height does not change with initial oil slick thickness. The average flame height for the initial fuel layer thicknesses of 5, 10 and 40 mm equals 400 mm. In the case of a multicomponent fuel (Grane) the flame height does not change significantly with initial oil layer thicknesses of 5, 10 and 20 mm either, and the average maximum steady flame height equals 220 mm. However, the decrease in flame height as a function of burning time is observed to be slower with larger initial oil layer thicknesses. Grane is the only oil of the three to reach a significant boilover condition. When this occurs, the flame height is drastically increased. An estimation of a 1000-1200 mm of flame height is determined through observation on site and from video material. This estimate is not included in Fig. 10 and the estimated average maximum flame heights mentioned above. 
CONCLUSIONS
The main objective of the study was to test and verify the newly constructed Crude Oil Flammability Apparatus (COFA), which has been designed to study the fire dynamics and heat transfer processes related to the burning of oil on water, to further understand burning of oil on water as a response technology (in situ burning) for accidental oil spills. The following parameters and phenomena were investigated for Grane crude oil, dodecane and n-Octane: burning efficiency, flame height, boilover and regression rate.
The burning efficiency was measured and found to be close to 100% for the pure oils, whereas the crude oil had a burning efficiency ranging from 35 to 65%. The burning efficiency increased with increasing initial oil slick thickness, however for the experiments with 20, 40 and 80 mm initial oil slick thicknesses, the burning efficiency was found to be more or less constant around 60-65 %.
During the experiments with Grane crude oil, boilover was observed for initial oil slick thicknesses of less than 15-20 mm. For thicker initial oil slicks, the temperature profile measurements found that the temperature in the lower part of the oil layer was less than the boiling point of water and thus the boilover did not occur. The measured temperature profiles indicated that a boiling point similar to that of dodecane (225°C) or higher is required in order to cause boilover. For open water in-situ burning operations with crude oils having boiling points above 300°C, the potential occurrence of boilover is therefore expected to be a possible issue.
Model results for n-Octane followed the same trend as the experimental data for the smaller PGC diameter, but for large fuel layer thicknesses, the model and the experimental results differed in trend, especially for the larger PGC diameter. However, that may be a results of that the fuel layer thickness has not been made large enough for a steady regression rate to be established. Future experiments are therefore planned with both larger diameter pans and larger initial oil layer thicknesses. In the case of n-Octane, the model consistently underestimates the experimental data, whereas the model overestimates the experimental data for the Grane crude oil.
It is concluded that the flame height is closely related to the volatility of the oil as n-Octane proves to achieve the largest flame heights. Dodecane had about 10-15% lower flame heights and Grane reaches approximately just half the flame height of n-Octane. This is only the case during process of pre-boilover burning. When boilover initiates it becomes by far the largest flame height.
Based on the experiments in this paper the COFA have been found to be able to reproduce a realistic measure of crucial parameters to improve the understanding of the fire dynamics related to an in situ burning operation. Such information is necessary and should be included in an assessment prior to the approval and use of the method in case of an oil spill. Future experiments with the COFA include research to increase the knowledge base of, among other things, the toxicity of the burn residue.
